The University of Southern Mississippi

The Aquila Digital Community
Faculty Publications
4-1-1990

Chloroplast and Mitochondrial: DNA Polymerases From Cultured
Soybean Cells
Sabine Heinhorst
University of Southern Mississippi, sabine.heinhorst@usm.edu

Gordon C. Cannon
University of Southern Mississippi, Gordon.Cannon@usm.edu

Arthur Weissbach

Follow this and additional works at: https://aquila.usm.edu/fac_pubs
Part of the Chemistry Commons

Recommended Citation
Heinhorst, S., Cannon, G. C., Weissbach, A. (1990). Chloroplast and Mitochondrial: DNA Polymerases
From Cultured Soybean Cells. Plant Physiology, 92(4), 939-945.
Available at: https://aquila.usm.edu/fac_pubs/7364

This Article is brought to you for free and open access by The Aquila Digital Community. It has been accepted for
inclusion in Faculty Publications by an authorized administrator of The Aquila Digital Community. For more
information, please contact Joshua.Cromwell@usm.edu.

Plant Physiol. (1990) 92, 939-945

Received for publication June 21, 1989
and in revised form November 1, 1989

0032-0889/90/92/0939/07/$01 .00/0

Chloroplast and Mitochondrial DNA Polymerases from
Cultured Soybean Cells
Sabine Heinhorst*, Gordon C. Cannon, and Arthur Weissbach
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ABSTRACT

characterized (22), and the pea chloroplast DNA polymerase
has been purified to apparent homogeneity (20). Although
both enzymes have some assay requirements in common,
they differ sharply in their ability to use synthetic primed
homopolymers in vitro. The enzyme from pea chloroplasts
consists of a single polypeptide chain with an apparent mol
wt of 90,000 and, as a partially purified fraction, shows
template preference for a particular cloned fragment of the
maize chloroplast genome (9). This specificity of the in vitro
assay led the authors to believe that their enzyme preparation
contains the replicative chloroplast DNA polymerase as opposed to a repair-type enzyme that would not discriminate
between different DNA fragments. Although the above mentioned reports indicate the presence of one chloroplast DNA
polymerase, earlier results suggest the possibility of multiple
forms of the enzyme in pea chloroplasts. Tewari et al. (28)
found three peaks of activity with different preferences for
single and double stranded templates eluting from an anion
exchange column.
A plant mitochondrial DNA polymerase has been partially
purified from wheat germ. The enzyme differs from DNA
polymerases -y in most biochemical parameters tested (6, 7).
Organellar DNA polymerases from higher plants display
considerable dissimilarity in their biochemical properties.
Factors that may have contributed to the observed disparities
are nonidentical assay conditions, as well as different biological material (e.g. different tissues and developmental stages).
We set out to directly compare the mitochondrial and chloroplast enzymes from a homogeneous cell suspension under
optimal assay conditions. Both organelles were isolated from
a green cell line of Glycine max ( 11) and the respective DNA
polymerases from chloroplasts and mitochondria were partially purified. We have characterized these enzymes with
respect to assay parameters, template preferences, and behavior toward inhibitors of the a and y class of eukaryotic DNA
polymerases in an attempt to categorize the plant organellar
enzymes into one of the three classes (31).

DNA polymerases were purified from chloroplasts and mitochondria of cultured Glycine max cells. The chloroplast enzyme
exists in two forms which are indistinguishable from each other
biochemically. All three organellar enzymes have an estimated
molecular weight of 85,000 to 90,000 and prefer poly(rA)dT12-18
over activated DNA as a template in vitro. Maximum activity of
the chloroplast and mitochondrial DNA polymerases requires KCI
and a reducing agent, and the enzymes are completely resistant
to inhibitors of DNA polymerase a. Taken together, these properties classify the soybean organellar enzymes as DNA polymerases y. A unique feature that distinguishes the plant enzymes
from their animal counterparts is their resistance to
dideoxyribonucleotides.

Our current knowledge about the structure and function of
eukaryotic DNA polymerases is largely restricted to enzymes
from animal sources. Animal cells contain at least three
distinct DNA-dependent DNA polymerases (31). DNA polymerase is found exclusively in the nucleus and is generally
accepted to be the key nuclear replicative enzyme (8). DNA
polymerase ,B, which is also located in the nucleus, is believed
to be involved in DNA repair processes, but its exact function
is unknown. The third DNA polymerase, -y, is the least
abundant of the three and has been found in both nucleus
and mitochondria. Its function in the nucleus is unknown,
but it has been shown to be the enzyme that replicates
mitochondrial DNA (13, 34). Recently, a fourth DNA polymerase, 6, has been described that has many common properties with the a enzyme but can be distinguished from the
latter by its 3' to 5' exonuclease activity (5). Although no
definite replication function has been assigned to DNA polymerase 6, it has been suggested to be involved in the initiation process.
Higher plants, like animals, contain multiple DNA polymerases (4, 10). DNA polymerases a from rice (23) and
spinach (21) share many properties, such as template preferences and assay requirements, with their animal counterparts.
Unlike the enzymes from animal sources, they lack a close
association with primase activity. A plant enzyme corresponding to DNA polymerase has not been isolated yet, although
there is evidence for the presence of a low mol wt enzyme
that is chromatin bound (4).
Since the first reports of a chloroplast DNA polymerase
(27, 29), a partially purified enzyme from spinach has been
a

MATERIALS AND METHODS
Soybean Cell Culture Maintenance
The green SB cell line of Glycine max var Corsoy ( 11) was
maintained as a suspension culture in KT medium ( 11) under
illumination from four fluorescent light banks and at ambient
temperature. The cells were diluted three-fold into fresh medium every 5 to 6 d. Two d old cells were routinely used for
the experiments described in this manuscript.
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Isolation of Chloroplasts and Mitochondria

Phosphocellulose Chromatography

Approximately 100 g of cells (from 2.4 L of culture) were
collected on a coarse fritted glass filter and washed with 200
mL of 50 mm Mes (pH 5.8), 300 mm sorbitol. The cell paste
was resuspended in the same buffer containing 1 % (w/v)
cellulose ("Onozuka RS," Yakult-Honsha, Tokyo, Japan),
0.1% (w/v) pectinase (Pectolyase Y23, Seishin Pharmaceutical, Tokyo, Japan) and incubated at 370 C for 50 min. The
cells were recovered on a 53 pm pore size nylon net and
rinsed gently with ice-cold, 50 mM Hepes (pH 8), 300 mM
sorbitol, 1 mm DTT to remove residual cell wall digesting
enzymes.
All further steps of the protocol were performed at 0 to
40 C. Enough Hepes/sorbitol buffer was added to obtain a
slightly viscous cell slurry. This suspension was forced through
a 60 mL plastic syringe fitted with an 18 gauge needle. The
broken cells were diluted with Hepes/sorbitol buffer and
poured onto a 53 pm pore size nylon net. While intact cells
and large debris remained on the net, subcellular organelles
and small debris were collected in the filtrate. In order to
increase the yield of chloroplasts and mitochondria, the breakage and subsequent filtering steps were repeated once after
collecting the initial filtrate.
The pooled filtrates (approximately 400 mL) were centrifuged for 1 min at 200g to pellet cell debris and nuclei.
Chloroplasts were recovered as a pellet by a 10 min centrifugation of the supernatant at 2500g. The chloroplasts were
subjected to the same sequence of differential centrifugations
and frozen as a pellet at -70° C, if not used immediately.
Mitochondria were pelleted from the 2500g supernatant by a
15 min centrifugation at 8000g and further purified by sucrose
gradient centrifugation ( 19).

The pooled DEAE fractions (peak I from chloroplasts and
the mitochondrial enzyme) were dialyzed against three 1 L
changes of buffer B (20 mm potassium phosphate [pH 8], 0.5
mM DTT, 0.1 mM PMSF, 0.1 mm PTSF, 10% [v/v] glycerol)
for a total of 3 to 4 h and loaded onto a P- 11 (Whatman)
column (4 mg of protein per mL of packed column material)
equilibrated with buffer B. After washing the column with
three column volumes of buffer B, a linear gradient of 20 to
400 mm potassium phosphate in buffer B was applied. Active
fractions were pooled and stored at -70°C.

Isolation of DNA Polymerase

Heparin Agrose Chromatography
Active peak II fractions from DEAE chromatography were
pooled and dialyzed against three 1 L changes of buffer C (50
AIM Tris-HCl [pH 8], 0.1 mM EDTA, 0.1 M (NH4)2S04, 50
mM 2-mercaptoethanol, 0.1 mm PMSF, 0.1 mm PTSF, 10%
[v/v] glycerol) and loaded onto a heparin agarose column
equilibrated in buffer C at 3 mg of protein per mL of packed
column material. The column was washed with three column
volumes of buffer C and the DNA polymerase eluted with
buffer C containing 0.5 M (NH4)2SO4.
DNA Cellulose Chromatography

The active phosphocellulose fractions of peak I were pooled
and dialyzed against buffer D (buffer B containing 20 mM
KCl) and loaded onto a single stranded DNA cellulose column
(Pharmacia-LKB Biotechnology, Piscataway, NJ, or Sigma
Chemical Company, St. Louis, MO) equilibrated with buffer
D, at 0.5 to 1 mg of protein per mL of packed column
material. The column was washed with three column volumes
of buffer D containing 100 mm KCl, and eluted with buffer
D containing 0.5 M KCl. Active DNA polymerase fractions
were pooled and stored at -70° C.

Preparation of Crude Extract

Purified chloroplasts or mitochondria were resuspended in
a minimal amount of buffer A (30 mM Tris-HCl [pH 8], 20
mM NaCl, 10% [v/v] glycerol, 1 mM DTT, 0.3 mM PMSF,
0.3 mM PTSF'). One volume of buffer A containing 300 mM
NaCl and 0. 1 % Triton X- 100 was added, and the sample was
kept on ice for 15 min. After a clearing centrifugation at
1 5,000g for 20 min, the supernatant was recovered and dialyzed against three 1 L changes of buffer A for a total of 3
to 4 h.
DEAE Cellulose Chromatography

The dialyzed crude extract was loaded onto a DE 52 (Whatman) column (4 mg protein per mL of packed column
material) equilibrated with buffer A. The column was washed
with two to three column volumes of buffer A and developed
with a linear gradient of 20 to 500 mM NaCl in buffer A.
Active fractions were pooled and stored at -70°C.
'Abbreviations: PTSF, p-toluene sulfonylfluoride; NEM, N-ethyl
maleimide; BuPdGTP, butyl-phenyl-dGTP; araCTP, arabinosylCTP; ddTTP, dideoxy TTP.

Hydroxyapatite Chromatography
Mitochondrial DNA polymerase fractions eluting from
phosphocellulose were pooled and dialyzed against three
changes of buffer E (buffer B at pH 7.5) and loaded onto a
hydroxyapatite column equilibrated with buffer E. The column was developed with a linear gradient of 20 to 400 mM
KPO4 in buffer E.
DNA Polymerase Assays

The standard DNA polymerase assay contained in a reaction volume of 50 ,L: 50 mm Tris-HCl (pH 8), 0.25 mm
MnCl2, 125 mM KCl, 65 pg mL-' poly(rA)dT,218 (molar
nucleotide ratio of template to primer 4:1), 33 pM (3H)TTP
(NEN, specific radioactivity 300-1000 cpm *pmol-'), 1 mM
DTT, 140 pig mL-' BSA. When activated DNA was used as
a template, the assay mix contained 5 mM MgCl2 instead of
MnCl2 and a 33 puM mixture of all four deoxynucleoside
triphosphates. The reaction was allowed to proceed for 30
min at 370 C. Aliquots of 40 pL were spotted onto glass fiber
filters (Whatman GF/C) and nucleic acids were precipitated
in 5% (w/v) TCA containing 1% (w/v) sodium pyrophos-
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phate. The filters were washed twice with 5% TCA, once with
ethanol, once with diethylether, and dried under a heat lamp.
Bound radioactivity was quantitiated by liquid scintillation
counting in 5 mL of Scintiverse BD (Fisher Scientific, Pittsburgh, PA). One unit ofactivity is defined as the incorporation
of 1 nmol of deoxyribonucleotide into acid-insoluble material
per hour.
Protein Determination
Protein concentrations were estimated by a modification of
the dye binding method of Bradford (3) according to the
manufacturer's (Bio-Rad, Richmond, CA) instructions with
BSA as standard.
Glycerol Gradient Centrifugation
Fifty ,uL of purified chloroplast or mitochondrial DNA
polymerase was loaded onto a preformed 11 mL gradient of
15 to 35% (v/v) glycerol in 250 mM KCI, 20 mm potassium
phosphate (pH 8), 0.5 mm DTT, 0.1 mM EDTA, 0.1 mM
PTSF, 0.1 mm PMSF. Centrifugation in a Beckman SW 40
rotor was for 62 h at 30,000 rpm and 4° C. The gradients were
fractionated into 37 fractions of 300 ,uL and the fractions
assayed for DNA polymerase activity as described above. 14CLabeled bovine serum albumin (69,000), alcohol dehydrogenase (150,000) and f3-amylase (200,000) served as standards for
relative molecular mass estimations.
Polyacrylamide Gel Electrophoresis
Ten gL of the chloroplast DNA polymerase (peaks I and
II) fractions that had been eluted from DNA cellulose and
dialyzed against 20 mM NaPO4 (pH 7), were boiled in loading
buffer for 4 min and loaded onto a 10% SDS-polyacrylamide
gel (17). Electrophoresis was for 1 h at 100 V. The gels were
fixed in 40% methanol, 10% acetic acid. Polypeptide bands
were visualized by staining with Coomassie blue R-250, followed by silver staining according to the manufacturer's (BioRad, Richmond, CA) instructions.

RESULTS
Purification of the Organellar DNA Polymerases
Isolation of chloroplasts as described in "Materials and
Methods" resulted in organelles that were indistinguishable
from percoll gradient purified plastids. To ascertain the purity
of chloroplasts and mitochondria, DNA isolated from each
organelle was digested with the restriction endonuclease PvuII,
and the resulting fragments were separated by agarose gel
electrophoresis. Chloroplast DNA restriction fragment patterns showed no visible contamination by mitochondrial
DNA on ethidium bromide-stained agarose gels that had been
grossly overloaded. Likewise, mitochondrial DNA was free of
chloroplast DNA when examined in this manner, indicating
that cross-contamination between the two types of organelles
is negligible (data not shown). Furthermore, aphidicolin-sensitive DNA polymerase a activity could not be detected in
the preparations, thus excluding a contamination of chloroplasts and mitochondria with nuclear components.

941

Chloroplast DNA polymerase activity was recovered from
DEAE cellulose as two peaks (Fig. 1) which varied in height
in different preparations. Peak I eluted at 140 mM NaCl,
followed by a broader peak II eluting at 250 mm NaCl. The
distribution of activity between the two peaks seems to be
influenced by the culture conditions of the suspension cells
and might be correlated with the age of the stock culture (our
unpublished observations). Multiple peaks of activity eluting
from anion exchange matrices have been observed with the
mitochondrial DNA polymerase y from HeLa cells and might
be related to charge differences due to protein modification
(16, 25). Mitochondrial DNA polymerase activity from cultured soybean cells eluted from DEAE cellulose at the same
salt concentration as peak I from chloroplasts.
Chloroplast DNA polymerase peak I eluted as a single peak
from phosphocellulose at 180 mm potassium phosphate (not
shown). Peak II does not bind to phosphocellulose but was
further purified by successive chromatography on heparin
agarose and single stranded DNA cellulose. Table I summarizes a typical purification for the chloroplast enzymes (peaks
I and II), which have been purified several thousand-fold. The
increase in activity upon chromatography on DEAE cellulose
probably reflects the removal of an inhibitor (nuclease activities and endogenous nucleic acids are abundant in crude
organelles and salt extracts). Although peak II activity has
been purified to a greater extent than peak I, it is less active
than the latter as evidenced by its lower specific activity (Table
I, A, B). The mitochondrial DNA polymerase was purified
20-fold by successive chromatography on DEAE-, phosphocellulose, and hydroxyapatite (Table IC).
To further assess the purity of the two ctDNA polymerase
peaks, the polypeptides of the pooled DNA cellulose fractions
were separated by SDS-PAGE. We found it necessary to stain
the gel with silver and counterstain with Coomassie blue in
order to visualize all bands. While the peak II enzyme fraction
contains one major band of approximately 33,000 (Fig. 2,
lane C), the peak I enzyme fraction is less pure. Two major
polypeptide bands in the 50,000 to 60,000 mol wt range, and
6 to 7 bands of small (less than 28,000) polypeptides are
visible in lane B of Figure 2. In addition, there are two bands
80
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Figure 1. Elution profile of chloroplast DNA polymerases peaks I and
11 from DEAE cellulose. The activity was measured as described in
"Materials and Methods" using standard assay conditions.
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Table I. Purification of Soybean Organellar DNA Polymerasesa
Fraction

Protein
mg

Activity

unitsb

Purification

Spec. Act.
units/mg

-fold

A. Chloroplast enzyme peak I
4.5
1
Chloroplast extract
367
1673
24.4
DEAE cellulose
5.4
190
4642
2702
540.4
Phosphocellulose
5
120
0.25
1562
6248
1388
ssDNA cellulose
B. Chloroplast enzyme peak 11
328
505
1.5
1
Chloroplast extract
32
54.2
DEAE cellulose
2601
81.3
2
727.4
1433
485
Heparin agarose
0.21
2127
670
3190.5
ssDNA cellulose
C. Mitochondrial enzyme
1
Mitochrondrial extract
43
294
6.8
12.7
DEAE cellulose
328
25.8
3.8
94.7
14
0.74
71
Phosphocellulose
Hydroxyapatite
0.37
50.6
136.8
20
a
Due to interfering substances, calculation of purification is based on activity and protein determib A unit of activity is defined as
nation in the cleared organelle lysate, not on crude lysed organelles.
1 nmol of deoxynucleotide incorporated into acid-insoluble material per hour. The template used in
these studies is poly(rA).(dT)12-18.

Table II. Properties of Soybean Organellar DNA Polymerases
Chloroplast

Figure 2. SDS-PAGE of purified ctDNA polymerase peaks (lane B)
and 11 (lane C). Lane A represents a set of mol wt standards. Mol wt
are indicated (x 10-3).

of a mol wt around 30,000,
33,000 band of lane C.

one

of which corresponds to the

Properties of the Organellar DNA Polymerases
Assay Parameters

Table II summarizes the assay requirements for DNA polyfrom chloroplasts (peaks I and II) and mitochondria.
In the standard assay system, which uses poly(rA)dT12 18 as a
template, the enzymes were entirely dependent on the presence of manganese, which could not be replaced by magnesium at concentrations of up to 25 mm (not shown). The
optimal manganese concentration was found to be 0.25 mM.
The enzymes were active over a broad pH range from seven
merases

Parameter

DNA Polymerases

Mitochondrial

KCI optimum
Mn2+ optimum
pH optimum
KPO4
N-Ethyl-maleimide
Aphidicolin
BuPdGTP
AraCTP
ddNTP/dNTP (1:1)
ddNTP/dNTP (10:1)

(Peaks and II)
125 mm
0.25 mm
8, broad
Inhibits
Inhibits
Resistant
Resistant
Resistant
15-25% inhibited
50-70% inhibited

DAPlmrs
125 mM
0.25 mM
8, broad
Inhibits
Inhibits
Resistant
Resistant
Resistant
15-25% inhibited
50-70% inhibited

to nine, with an optimum at pH 8.0. Phosphate was inhibitory, reducing the activity of the organellar DNA polymerases by 50% at a concentration of 10 mm, and virtually
abolishing it at 50 mm. Potassium chloride greatly stimulated
all three enzymes (optimum concentration 125 mM). NEM

strongly inhibited the DNA polymerases, indicating their
dependence on reduced sulfhydryl groups for activity.
The DNA polymerases from chloroplasts and mitochondria
were completely resistant to three inhibitors of the nuclear
DNA polymerase a (Table II): aphidicolin (20 jig mL-'),
BuPdGTP (15) at 0.1 M, and araCTP at 0.1 M. Likewise, the
enzymes were unaffected by an inhibitor of mitochondrial
DNA polymerase y from animal sources. ddTTP, at an
equimolar ratio of ddTTP to TTP, inhibited the enzymes 15
to 25% (Table II). Under comparable conditions, the mammalian and Drosophila mitochondrial DNA polymerases have
lost most of their activity (32, 34).
Template Preferences
Table III summarizes the efficiency of the soybean chloroplast (peaks I and II) and mitochondrial DNA polymerases
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Table MII. Template Preferences of Soybean Organellar DNA
Polymerases
Template

Poly(rA). dT12 18

Cation

Mn2+

Mg2+
Poly(rC).dG12 18

Poly(dC).dG12 18

Mn2+

Mg2+
Mn2-

Mg2+
Poly(rl).dC12 18
Poly(dl).dC12 18

Mn2+

Mg2+
Mn2+

Mg2+
Activated DNA

Mn2+

Mg2+

Chloroplast
Enzymes
Peak ll
Peak

100
1
0
0
29
135
3
0
4
7
14
48

100
1
0
0
38
100
3
0
3
6
20
70

Mitochondrial

Enzyme
100
0
0
0
16
138
1
1
6
1
17
74

templates in vitro. Since it has been well documented that the cation can greatly influence template usage
(16), assays were performed in the presence of either Mn2+ or
Mg2 Like DNA polymerases y from animal sources, in the
presence of Mn2+ the plant organellar enzymes preferred
oligodeoxythymidylate-primed polyadenylate over all other
synthetic and natural templates tested. Gapped (activated)
DNA could not be used as template under these conditions.
In the presence of Mg2+, however, poly(dC)dG12 18became
a very effective template, and the organellar DNA polymerases were able to use activated DNA as well. Neither enzyme
was active on poly(rA).dT12 18 under these conditions. Oligodeoxythymidylate primed poly(A) RNA from vesicular stomatitis virus was not recognized as a template in the presence
of either Mn2+ or Mg2+, suggesting that the plant organellar
DNA polymerases do not possess reverse transcriptase
activity.
on various

.

Relative Molecular Mass

On glycerol gradients, all three soybean organellar DNA
polymerases sedimented between (14C) bovine serum albumin
(69,000) and alcohol dehydrogenase (150,000) (Fig. 3). Assuming a globular protein conformation, we estimate a relative molecular mass of 85,000 to 90,000 for the DNA polymerases from soybean chloroplasts (peaks I and II) and
mitochondria.
DISCUSSION

The DNA polymerases isolated from purified chloroplasts
and mitochondria of cultured soybean cells can be classified
as enzymes of the y class (31), based on their preference for
poly(rA) * dT1218 over activated DNA in vitro, their sensitivity
to sulfhydryl agents, their stimulation by KCI, and their
resistance to inhibitors of the nuclear DNA polymerase a.
Their estimated relative molecular mass of 85,000 to 90,000
is lower than values reported for DNA polymerases y from
animal sources (1, 2, 12, 25, 32, 33), which are in the range
of 1 10,000 to 180,000 for the native enzymes. Our results
concerning assay requirements and template preferences are
in good agreement with those previously reported by Sala et

c
0

0

4.500

5.000
log Mr

5.500

Figure 3. Glycerol gradient sedimentation profile of soybean organellar DNA polymerases. Standards run in parallel gradients were: A,
(14C)bovine serum albumin; B, alcohol dehydrogenase; C, fl-amylase.
(0), Peak activity of the chloroplast (peaks I and 11) and mitochondrial
enzymes.

al. (22) for a DNA polymerase that was partially purified
from spinach leaf chloroplasts. This enzyme did not bind to
phosphocellulose and appears to correspond to our DEAE
peak II. McKown and Tewari (20), on the other hand, found
that DNA polymerase from pea chloroplasts could be eluted
from phosphocellulose with 0.25 M phosphate. This enzyme,
however, was unable to utilize poly(rA) . dT12 18 as a template
in vitro and preferred activated DNA. The assays in this case
were carried out in the presence of Mg2+, and it is unclear if
the primed homopolymer might be able to serve as a template
if Mg2' were replaced by Mn2+. Although no attempt was
made by the authors to classify the enzyme from pea chloroplasts, all other properties of this DNA polymerase are consistent with our findings, which would place it into the -y class
as well.
The relationship between the two DEAE peaks of the
chloroplast DNA polymerases from cultured soybean cells is
not clear. Since both activities have the same properties with
respect to all parameters tested by us, except specific activity,
one can assume that they constitute different forms of one
enzyme. Peak II might be a proteolytic digestion product of
peak I, or vice versa. If this were the case, the change in
relative molecular mass caused by this modification would
have to be small and below the resolution of our glycerol
gradients, since we did not see any differences in sedimentation behavior between the two forms of the enzyme. In
denaturing polyacrylamide gels, purified ctDNA polymerase
peak II contains only one polypeptide band of Mr 33,000,
while a DNA cellulose eluate of peak I contains multiple
bands, including one of the same molecular weight as the
peak II polypeptide (Fig. 2). McKown and Tewari (20) found
that the ctDNA polymerase from pea is composed of a single
polypeptide of Mr 90,000. The difference in polypeptide pattern on SDS-polyacrylamide gels between the chloroplast
enzymes from pea and soybean (peak II) is puzzling and could
mean that the two DNA polymerases are different enzymes,
although we cannot exclude the possibility that the enzyme
from soybean chloroplasts in vivo consists of a larger polypeptide that has been proteolytically degraded to a smaller active
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fragment. We feel that this is not very likely, since the normal
precautions of adding protease inhibitors throughout all purification steps have been taken (see "Materials and Methods"). The mitochondrial DNA polymerase y from chick
embryos is composed of four identical subunits of Mr 47,000
(33), and the soybean chloroplast enzyme might be a multimer
of smaller subunits as well. We have attempted to locate
active DNA polymerase polypeptides in denaturing, as well
as native polyacrylamide gels (14, 24, 26). Using a series of
different renaturation and assay protocols, we were unable to
recover soybean ct and mtDNA polymerase activity after gel
electrophoresis of crude chloroplast extracts and of the enzyme at various stages of purity. Commercially available DNA
polymerase I and its Klenow fragment from Escherichia coli,
which were used as controls in these experiments in minute
amounts, gave clear positive signals under all experimental
conditions (assays with activated DNA/Mg2+ or with
poly(rA)* dT I2-1I8/Mn).
Peaks I and II might be related to one another by covalent
modifications, such as glycosylation or phosphorylation,
which would cause a change in the net charge of the proteins
and affect their binding affinities for DEAE- and phosphocellulose. If this were indeed the case, one could speculate about
the physiological significance of the modifications. Preliminary evidence suggests a positive correlation between cell age
(i.e. days posttransfer) and the height of peak II (our unpublished observations). It is interesting that the report by Sala's
group (22) mentions only one peak (similar to peak II of this
report) of DNA polymerase eluting from an anion exchange
matrix. The biological materials used in their study were 5
cm long spinach leaves, and as has been well documented by
Lawrence and Possingham (18), in the expanding, nondividing areas of older spinach leaves the existing plastome copies
seem to be redistributed among the dividing organelles with
very little concomitant ctDNA replication. In light of this
circumstantial evidence, a possible role of ctDNA polymerase
peak II could be that of a maintenance or repair-type enzyme
in non-dividing cells.
Castroviejo et al. (6) and Christophe et al. (7) characterized
a DNA polymerase from purified wheat germ mitochondria,
which recognized poly(dA) dT12 and activated DNA as templates in the presence of Mg2+, but utilized poly(rA) * dT12 very
poorly in the presence of either Mn2+ or Mg2+. This enzyme
was completely resistant to NEM and aphidicolin, but sensitive to ddTTP. Based on its unique features, the authors
proposed to exclude it from the y class of eukaryotic DNA
polymerases. It should be noted that the inhibition of the
wheat embryo mitochondrial enzyme by ddTTP is of a magnitude similar to that described in this report and is much
less pronounced than that reported for DNA polymerases y
from animal sources (32, 33). We cannot explain the differences in NEM sensitivity and template preferences between
the mitochondrial enzyme from wheat embryos and that from
cultured soybean cells. The former enzyme might be unique
to embryo tissue and might represent only a minor activity
species in soybean cells, which we failed to detect in our
preparations.
The remarkable similarity in all biochemical properties
tested, between the DNA polymerases isolated from purified

Plant Physiol. Vol. 92,1990

soybean chloroplasts and mitochondria is intriguing. While
eukaryotic DNA polymerases can easily be grouped into
classes based on similarities in their biochemical and biophysical properties (31), it is noteworthy that the likeness of
the enzymes from chloroplasts and mitochondria of cultured
soybean cells extends to their relative resistance to ddTTP.
This is in variance to the behavior of their counterparts from
animal sources and, together with their low relative molecular
mass and inhibition by phosphate, clearly distinguishes the
plant organellar enzymes from animal DNA polymerases y.
Recently, amino acid sequence comparisons between eukaryotic and prokaryotic replicative DNA polymerases revealed
homologous regions that have been highly conserved during
evolution (30). While at present the extension of this study to
plant DNA polymerases awaits the elucidation of primary
sequences for the plant enzymes, a DNA polymerase a consensus sequence was found in the open reading frame of the
mitochondrial S 1 DNA from maize. In this context, it would
be interesting to compare biochemical and biophysical properties of DNA polymerase(s) from the evolutionary predecessors of chloroplasts, the cyanobacteria, to the enzyme(s) found
in modem photosynthetic organelles of higher plants.
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